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QUARTERLY REPORT NO, 1
Solid State Thermistor
Contract NAS 8-11625

1. INTRODUCTION

This report covers the progress made and the results obtained
during the first three months of the duration of this contract.
The end of the reporting period coincides with the conclusion of
the first i1important phase: development of a suitable circuit,

While electronic problems mainly have been solved, certain
pacxaging problems still remain. In the following, the adopted
design approach is discussed and the test results obtained from
the breadboard given.
2. PROGRESS DURING THE REPORTING PERIOD

During the reporting §eriod, studies of sensing methods were
carried out and led to the adoption of a scheme where the thermis-
tor sensing element 1is placed in the feedback path of a DC ampli-
fier. The circuit necessary to implement this sensing method was
developed and tested. The attached schematic diagram shows the
final circuit, and the parts list describes the components intended
for use in the final product.

The difficulty in trying to meet the requirement for a

dual output function (temperature readout and switching) dictat-

ed a more complicated electronic circuit than originally antici-

pated. Attempts to solve this difficulty by employing integrated
amplifiers of the type micro-A 702 produced by Fairchild failed.

Therefore, it must be said that the size requirement of the speci-
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fications cannot be met. A preliminary layout using Cordwood
packaging techniques indicated that the final size would be 1-1/4"
diameter x 2" length,

These packaging difficulties led to a delay with respect to
the program plan. However, this delay is insignificant, and Qill
not influence delivery date. The packaging of the electronic
circuit has been started.
>3. THE DESIGN APPROACH

3.1 The Problems

The function of the thermostat to be developed under this
program is twofold. It has to provide a temperature readout sig-
nal ana a solid state switch capable of handling one ampere of
current,

It is i1ntended to sense the temperature of various media, as
gases, liquid and solids. Accuracy and fast response are import-
ant requirements, The response time of the entire thermostat is
influcnced mainly by the large time constant of the sensing ele-
ment. Therefore, it demands a very small thermistor. Small
thermistors, however, show significant self-heating, an effect
which especially in a gaseous medium might lead to significant
error. In order to combat this error and still maintain faét re~
sponse, the thermal mass of the sensing element must be kept as
small as feasible. Unfortunately sensing elements with small time
constants feature large dissipation constants - that is to say,

show significant self-heating effect. Therefore, the power dis-

sipation of the sensing element must be kept low. This leads to
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a compromise between the impedance of the thermistor and the volt-
age across 1it.

The sensitivity of the sensing circuit depends mainly on the
voltage across the thermistor. Therefore, this voltage should be
as high as feasible.

A high voltage can be applied to the thermistor when its im-

pedance 1s high, thereby keeping the power dissipation low. Un-

‘fortunately, this creates the second problem. A high impedance

circuit cannot be loaded without introducing intolerable errors. We
need a buffer amplifier. The output of such a buffer amplifier
would be a function of the temperature and can be used as readout.
However, for the switching action we need far better resolution
and, consequently, higher gain. This leads to the requirement of
a second amplifier.

In the switching section of the thermostat, a large current
with respect to the size of the thermostat has to be handled.
Here we face the problem of keeping the power dissipated in the
circuit to a minimum and of conducting this heat to the environ-
ment.

Data handling imboses another requirement. It 1is desirable
to have one universal calibration curve for all units. This leads
to stringent specifications as to the tolerance of the sensing

element,
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3.2 The Solution

The circuit shown in the attached schematic diagram solves
the above problems. It consists of a power supply, a sensing cir-
cuit, a buffer amplifier, a zero amplifier and a high current
switch, The temperature sensor is placed in the feedback path of
the buffer amplifier. The result is an operational amplifier
whose gain varies, depending on the sensor temperature.

This method of sensing leads to the desired temperature-
voltage characteristic at the output of the amplifier, and avoids
excessive loading of the thermistor. The output of the amplifier
provides the readout siqnal.‘ The output of the buffer amplifier
is compared to the constant voltage established by the Zener ref-
erence diode CR4. The ratio of R16 to R1l7 is choseh in such a
manner that at the desired switching temperature, the input volt-
age at the base of Q9 is approximately zero. A temperature change
will cause this voltage to deviate from zero. This deviation 1is
amplified by the zero amplifier, and. then used to operate the
switch,

While the buffer amplifier has a variable gain depending on
the temperature, the zero amplifier has a fixed gain of about one
hundred to assure sufficient sensitivitv. Positive feedback
through R22 from the power switch to the non-inverting input of
the amplifier reduces switching transients and protects Q15 from
"partial turn-on". Without positive feedback it can happen that
only half the load current (.5A) is flowing into the load. Then

one half of the supply voltage appears across the load and the
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other half across Q15 (partial turn-on)._ This would cause exesss-
ive power dissipation in Ql5, leading to its destruction.

The positive feedback is activated only when Ql4 starts to
conduct, which occurs when the switch point temperature 1s reached.
It causes some "on-off" differential (hysteresis) which can be in-
fluenced by the magnitude of R27. R27 is selected for an "on-off"
differential {(hysteresis) of about .1°C at 25°C.

The switching portion of the thermostat consists of the pow-
er transistor Ql15, the driver transistor Ql4, and the amplifier
stage Q13. Here the main design objective was to keep the power
dissipation of Q15 low. This 1is accomplished by inserting CR7.

This power reduction can be exvlained when we assume that the
base of <15 is connected to the 29 vnlt supply. How both base and
collectar are connaected to the same voltage. By tyving basc and
collector tatethwer, hoth woltages with respect to the emitter must
be the sare. Thereforo, the larje bhase-emitter voltage would ap-

pecar across the collectov-emitter junction and power dissipation

(54

wol4 be hith. This is aggravated by the fact that the base 1is
connected to the 29 volt line through Ll4. The colleccor-emitcter
voltase of this transistor would be added to the basec-emitter
valtage of Ql5. If no diode is inserted between the 28 v line and
the collector of L5, a wvoltaje in the order of 1.3 volts would
avpear across cnllector-emitter junction, lecading to a very large

nowey ciszipation. The diode CR7 cuts this wvoltaosce, thereby cut-

ﬁ-------------------l

ting the nower in half,

ol
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The power supply provides two regulated voltages, +20 V and
-6V. The reference voltage for temperature readout and the switch
point is derived from the -6V supply. An inverter circuit pro-
duces the negative supply voltage. The inverter is also used to
supply a constant voltage to the amplifier stage 02 of the voltage
regulator, making it possible to obtain excellent regulation
against line voltage chanqges.

The packaging problem could not be solved entirely satisfac-
torily. The large number of components did not permit packaging
to the specifications.

An attempt was made to reduce the number of components of the
circuit by employing integrated DC amplifiers of the type 6& A702
produced by Fairchild. Such an amplifier would occupy only the
space of one transistor. Unfortunately, this substitution failed
because of the low input impedance of the &tA?OZ amplifier.

The highest density obtainable by Cordwood packaging will

lead to a case size of 1-1/4 inch diameter x 2 inches length.

_3.2.1 The Sensor
A good temperature sensing element should have the following
characteristics: 1. stability in time; 2. high sensitivity:; and
3. a reproduceable characteristic. Fenwal Electronics offers
such a device, the IsoCurve thermistor. Its disadvantage - non-
linearity - is outweighed by the fact that this thermistor is
available matched to a standard curve. This allows the use of

one calibration curve for all units.
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From the beginning it was clear that a simple thermistor net-
worx cannot accept loads which vary in the order of 3% and still
meet the specifications. The impedance level of a thermistor net-
work would have to be low, while the excitation voltage would have
toc be high to obtain the regquired sensitivity., Both low impedance
and high excitation voltage lead to a high power dissipation in
the thermistor. Appreciable self-heating would occur and a sig-
nificant error be introduced. A buffer amplifier solves this
problem.

The specifications call for an accuracy of #.2°C in a dif-
ferent temperature interval, viz., 25°C to 50°C, is required.

The switch point accuracy requires a bhetter stability thanthat
whichwould be sufficient for the readout. This stabilitv is
mainly decided by the buffer amplifier. An amplifier would dis-
play essentially the same stability over its useful output voltage
range. The stability requirement, therefore, would be decided by
the switch point 'stability.

A circuit which relieves this rather stringent stability
requirement could take advantage of the nonlinearity of the therm-
istor sensor. If a circuit can be found where the sensitivity in
the switching range (25°C to 50°C) is higher than in the remaining
readout range (0°C to 25°C), the stability requirement for the

amplifier can be eased. Figure 1 shows the adopted solution.
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FIGURE 1

An operational amplifier receives a constant input voltage
V . The output voltage V(T) depends on 1its gain which varies with

R(T) and therefore with temperature.
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The sensitivity in V/°C is obtained from (1) by differentiating

L
o S ,
Q(\(Tj _ FQF" o1 \/‘ lzak
T ] [ C O }
a | N N
(2)
i oo~
FIR S is the temperature coefficient of the therm-

istor R(T) and is fairly constant in the temperature interval of

interest.

R(T)' the thermistor resistance, appears in the denominator

|
|
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im)
of (2). This means that "jjfL““ will change inversely
to R(T)' R(T) decreases with temperature, causing dv(T) to
N dT

increase, which was desired,
R (1) 1s an Isocurve thermistor of 100 K ohms at 25°C,.
This is the highest resistance available.
The dissipation constant of the selected thermistor is
1 mW/°C in still air. This is the worst condition with respect to
self-heating.
when the maximum error produced by self-heating is limited
to .11°C, then no more than .11 mw may be dissipated in the therm-
istor.

The maximum power is dissipated when the thermistor attains

its lowest resistance, that is, at 50°C. 1t is

By insertinqg:

\/ﬁ - \.lfrnb/:(~32 oy, = ;2—\/

Therefore, the fixed voltage Vo must not exceed 2 V.,

The feedback resistor RF is chosen to cobtain 5 V output

voltage at 50°C. RF = V(50°C) X R(SO°C)V1 = 5 x 36 x 1/2 - 90 K

o
ohm,
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From equation (2), we obtain the sensitivjity at 0°C, 25°C,
8 (T)

and 50°C by inserting the values of R(T) and ‘1‘{"' am at these
(T) ~*
temperatures.
(i. \v/ PR ‘3! 0 N a
2D 0 ax L = 2056wV
- . - /1 2 ]
e AL 0 pe
AV, 1y 5 V)
8 4 - L\ :K'_ l i -i ;\Tl" X:-—-- = —li . j A3} vj':’.u
L on T
V ! Qr - T v
. 150 f:.V.D w G732y ST w\"/rt(~
(o 3¢ o

From these sensitivities, the stability requirement for the ampli-

fier is obtained. When allowing a maximim error of .25°C at 0°C
and of .1°C from 25°C to 50°C, we then obtain

The test results compare favorably with these values.

(- - -




Page 11

MoaPwsrs e

Quarterly Report No. 1 NAS 8-11625

3.2.2 The Amplifiers

Three possibilities for amplifier design exist:
1. a DC amplifier
2. a chopper amplifier
3. an AC émplifier

DC and chopper amplifier could use DC as input while an AC
amplifier would require an AC input signal and therefore AC ex-
citation for the thermistor network. The excitation voltage for
the thermistor network must be kept constant, be it DC or AC.

It is far more difficult to produce a constant AC voltage than a
constant DC voltage. This rules 6ut the AC amplifier.

The chopper amplifier employs a chopper transistor and a
demodulator circuit. This leads to a large number of components
some of which are very bulky (coupling capacitors).

The DC amplifier is the most compact of the three but demands
expensive transistors in order to meet the zero stability require-
ment.

Considering the already critical size problem, preference was
given to a DC amplifier approach.

Both DC amplifiers feature a differential input stage and a
single ended output, and both are of the operational type. The
first or buffer amplifier amplifies a fixed voltage obtained
through voltage divider R7, R8. 1Its gain depends on the tempera-
ture because of the variation of R10. R9 1is chosen in such a
manner that at 50°C the output voltage is exactly 5 volts. At

the lowest temperature interest (0°C) the output voltage will be
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approximately 302 millivolts. The input impedance of the circuit

is very higrh,l A bias curvent in the order of .2 I is sufficient.
The output impedance is very low and found to be below 10

ohms. This low output impedance makes the readout signal independ-

4 —~ & M < -
| R SR O

e variations in load.
The second or zero amplifier is almost idential to the first
one. It differs 1in gain, and in that it receives a positive feed-
back signal from the switching circuit. This positive feedback
which becomes effective whenever the switching action is initiated
insures fast transients during switching., Zero amplifier and
switch act together like a Schmitt trigger. This circuit, however,
is superior to a conventional Schmitt trigger as far as stability
and resolution is concerned.
4, TEST RESULTS

A large number of temperature test series were carried out on
the amplifiers and the power supply. Corrective measures led to th
final breadboard. The test results obtained from this circuit on
two different days are shown in Tables 1 and 2. The measurements
were taken at 0°C, 25°C, 50°C and 75°C. R(T) was simulated by
fixed resistors. The supply voltage V was varied and R(T) was
simulatea for 3 sensing temperatures. The readout voltage V(T)

A

and the voltage regulator output V,o, were monitored. - V(T)

shows the change of V( in the entire ambient temperature range

T)

for 3 values of R These results compare very favorably to

(1) *

the requirements for £V in Section 3.2.1.
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Another set of measurements were taken during the test runs
of Tables 1 and 2. These tests show the switch point stability.

During these tests R was simulated by a Helipot. "On" and "off"

(T)
switching were observed and the corresponding values for V(T) re-
corded. Again, the results are very good and well within speci-
fications.

5. REMAINING PROBLEMS

Versatility of application of the thermostat creates serious
design problems. When used to sense the temperature at the bottom
of a well drilled into a solid body, a certain resilience of the
probe body would be required. On the other hand, exposure of the
thermostat to shock and vibration would demand a very rigid de-
sign. These two requirements are contradictory, and so far could
not be reconciled.

A number of difficulties arise from the necessity to seal
the thermostat hermatically. Here we run into bonding problems,
especially when good thermal isolation of the tip of the probe is
required. Such a thermal insulation is necessary to keep the
time constant of the thermistor at a minimum. Several design ap-
proaches have been tried, but all show that the solution would
be an expensive one. The supplier for the thermistor sensors
has predicted severe manufacturing problems that could not be
handled withih the scope of this contract. The simplest solution
by far under these circumstances would be to use different probes
for the different applications anticipated. According to our

opinion this would lead to an optimum design for each individual

TR«
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requirement, whereas a "universal probe" must, by necessity, make
compromises between the different applications.

5.1 Calibration

The calibration of the thermostat, especially of the switch
point, requires very accurate temperature measurement. In addi-
tion, it 1s required to produce and maintain certain temperatures
very accurately. During calibration, the probe will be immersed
in a temperature bath. A survey has been made of temperature
baths and control equipment which are commercially available.
Good equipment of this type is used extensively in the chemical
industrv and research activities. However, most of it is not de-
signed for accuracy and convenient temperature calibration. An
additional disadvantage is a limitation when operating at low
temperatures. Rosemount Engineering has developed for their own
use a bath which appears to be the most suitable for our needs.
Negotiations are presently being conducted to purchase it after
a trial period.

6.0 FUTURZ WORK

During the remaining period of this contract, the following
work will be performed:

1. Packaging of the electronic circuit will be finalized.

2. The engineering model will be fabricated and tested.

3. A decision concerning the probe design will be made.

4., VTFive prototype units will be fabricated, calibrated

and tested.
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